The goal of this study was to investigate postpreservation long-term function of cryopreserved primary rat hepatocytes using the hepatocyte/3T3-J2 fibroblast coculture system. The long-term function of thawed hepatocytes cocultured with fibroblasts was evaluated and compared with hepatocytes cultured without fibroblasts. Fresh isolated primary rat hepatocytes were frozen at a controlled rate (−1°C/min) up to −80°C, and then stored in liquid nitrogen for up to 90 days. Thawed hepatocytes were thereafter cocultured with 3T3-J2 murine fibroblasts and cocultivation was monitored for 14 days. The viability of fresh isolated hepatocytes was 91.4%, and that of cryopreserved hepatocytes was 82.1%. Cellular morphology and polarity, which were determined by the localization of actin filaments and connexin-32, were successfully maintained in cryopreserved hepatocytes following cryopreservation. Albumin and urea synthesis reached the maximum level and became stable after day 7 in coculture in both fresh and cryopreserved hepatocytes. Urea synthesis of cryopreserved hepatocytes was maintained 89.0% of nonfrozen fresh control, and albumin production of cryopreserved hepatocytes was 63.7% of control in coculture. Cytochrome P450 activity, which was measured by deethylation of ethoxyresorufin, was also maintained in cryopreserved hepatocytes at 88.6% of nonfrozen fresh control in coculture. The retention of synthetic and detoxification activities was verified to be well preserved during extended low-temperature storage (90 days). Both fresh control and cryopreserved hepatocytes cultured without fibroblast did not retain their synthetic and detoxification functions in longterm culture. These data illustrate that, through the utilization of our cryopreservation procedure, primary hepatocyte function was successfully maintained when placed into coculture configuration following thawing.
INTRODUCTION
tion of scaled preparation processes for BAL for clinical applications. Cryopreservation of hepatocytes would also allow for central preparation and quality control of the Various bioartificial liver support systems (BAL) have been developed to bridge patients suffering from cell source, and an expanded shipping and distribution time window. Furthermore, hepatocyte cryopreservation acute liver failure to transplantation or liver regeneration (2). To date, primary hepatocytes, hepatic tumor-derived would also benefit basic research as it would allow for identical batch matching of cells to be used in nonsyn-cells, and immortalized hepatocytes have all been explored as cell sources of BAL (1). Although primary chronous experiments and reduce the number of cell isolations needed, thereby reducing the demand on labora-hepatocytes show the highest hepatospecific functions, the ability to successfully bank primary hepatocytes for tory animal facilities. Successful cryopreservation protocols require high extended periods of time with a minimum loss of survival and function has limited their usability. Successful yield and survival and long-term function after thawing to obtain maximum utility from scarce hepatocytes. Suf-hepatocyte banking technologies such as cryopreservation could provide a solution to the problem and allow ficient efforts have been made to maximize primary hepatocyte survival and function following cryopreserva-for quality control, safety testing, and a major facilita-188 SUGIMACHI ET AL. tion (9) (10) (11) 13, 16, 18, 22, 35) . Reports of survival rates lin (Squibb, Princeton, NJ), 20 ng/ml epidermal growth factor (Collaborative Research, Bedford, MA), 1% peni-ranging between 30% and 90% immediately postthaw, based upon the trypan blue exclusion test, make up a cillin/streptomycin (Gibco BRL), and 10% fetal bovine serum (Gibco BRL). Cryopreservation of hepatocytes significant portion of the literature on hepatocyte cryopreservation. Despite initial high viability, these reports was accomplished using a protocol reported in detail elsewhere (31) . Briefly, fresh isolated hepatocytes were also document a continued drop in cell viability and functions extending several hours postthaw (11,13,16, resuspended in culture medium for 20 min at 37°C. Following incubation, cells were pelleted by centrifugation 29). Thus, there remains a pressing need for the development of improved hepatocyte cryopreservation tech-at 250 rpm-50 × g for 5 min, supernate decanted, and the cells were resuspended in cold HypoThermosol  so-niques that translate in long-term viability and function.
Recently, we reported on the development of a cryo-lution (HTS) (Biolife Solutions Inc., Binghamton, NY) (33) with 10% dimethyl sulfoxide (DMSO) (Sigma Co., preservation technique for suspended rat hepatocytes (31) . Frozen-thawed hepatocytes not only yielded high St. Louis, MO). Cell suspensions were transferred to 1.0 ml of Cryogenic Vials (Nalge Company, Rochester, NY) viability but also functioned comparable to fresh hepatocytes when cultured in a collagen-sandwich culture con-and placed in a controlled-rate freezer (KRYO 10, Planer, Middlesex, UK). Samples were then cooled at figuration. Despite these gains, the sandwich culture technique may not be a desirable configuration to scale-−1°C/min to −6°C, at which temperature the cryopreservation solution in the vials was seeded to form extracel-up for BAL devices due to the necessity of the collagen gel overlay. Recently, we and others have used hepato-lular ice by application of forceps chilled in liquid nitrogen to the exterior of the cryovials followed by a 10-min cyte cocultures in various liver support devices (23, 25, 27, 29, 30, 34, 36) . Therefore, it is paramount that the perfor-holding period at −7°C. Next, samples were cooled at −1°C/min to −80°C, and then transferred to liquid nitro-mance of our cryopreservation technique for isolated primary hepatocytes is tested using a coculture system gen (−196°C) for storage. Samples were stored for up to 90 days. Following storage, samples were rapidly after thawing. It is especially important to compare the results using the coculture technique to hepatocytes thawed in 37°C H 2 O for 80 s with gentle agitation. The samples were then diluted to 1:10 in culture medium and alone in order to discern the effects of fibroblasts from frozen hepatocytes. Accordingly, we evaluated survival, incubated for 10 min at room temperature to remove residual HTS and DMSO. Samples were then centrifuged morphology, and long-term function of cryopreserved primary hepatocytes in a coculture configuration for at 50 × g for 5 min, supernatant decanted, and cells were resuspended in culture medium, followed by seeding on eventual use in the bioreactor. The data presented herein demonstrate that viability and long-term function were collagen-coated petri dish as described below. successfully preserved in the coculture system after Viability and Cell Attachment Assay thawing using our cryopreservation protocol.
The viability of cryopreserved hepatocytes was deter-MATERIALS AND METHODS mined immediately after thawing using the trypan blue Hepatocyte Isolation exclusion assay and quantitated using a hemocytometer.
To determine hepatocyte attachment, DNA content of All animal procedures were performed in accordance hepatocyte seed stocks and attached cells was compared. with National Research Council guidelines and approved
To determine the total amount of DNA of seeded hepaby the subcommittee on Research Animal Care at the tocytes, DNA from a cell suspension that contained the Massachusetts General Hospital. Female Lewis rats same number of cells as seeded on the petri dish at day 0 (Charles River Laboratories, Wilmington, MA) weighwas isolated and processed. Twenty-four hours postthaw ing 180-200 g (2-3 months old) were used as a hepatoadherent cells were collected as follows and DNA concyte source. Hepatocytes were isolated by a modified tent analyzed. The petri dish with attached hepatocytes procedure of Seglen (28) that was previously described was washed in phosphate-buffered saline (PBS), trypsinby Dunn et al. (14) . Typically, 2.0 to 3.0 × 10 8 cells were ized, and the cells were collected. The DNA content of isolated from a single isolation and the viability judged seeded and adherent samples was measured fluorometby trypan blue exclusion was 91.4 ± 2.4%. rically using Hoechst 33253 dye (Sigma) as described Controlled Cryopreservation and Thawing in detail elsewhere (14) and ratioed to 0-h samples to determine percent attachment of hepatocytes. The culture medium used throughout these studies consisted of Dulbecco's modified Eagle's medium (DMEM)
Coculture of Hepatocytes and Fibroblasts (Gibco BRL, Gaithersburg, MD), supplemented with 7 ng/ml glucagon (Lilly, Indianapolis, IN), 7.5 µg/ml hy-
The random coculture configuration utilized in this experiment was designed to model our coculture system drocortisone (Upjohn, Kalamanzoo, MI), 0.5 U/ml insu-for a flat-plate bioreactor (34) . A 60-mm tissue culture meabilization for 5 min in 0.1% Triton X-100 (Sigma). For localization of F-actin, cells were stained for 30 min dish (Falcon, Lincoln Park, NJ) was coated by type I collagen (0.1 mg/ml), prepared from rat tail tendon by a with 3 mM rhodamine phalloidin (Molecular Probes, Eugene, OR) in PBS with 1% bovine serum albumin modified procedure of Elsdale and Bard (15) . For fresh as well as cryopreserved hepatocytes, 2.5 × 10 5 viable (BSA) (Sigma). For immunolocalization of connexin-32, cells were incubated with mouse monoclonal primary cells were seeded on collagen-coated tissue culture dish. After 24 h of culture, 7.5 × 10 5 3T3-J2 murine fibro-antibody (Ab) against connexin-32 (Zymed Laboratories, San Francisco, CA) that was diluted 1:100 in 1% BSA/ blasts were added to the hepatocyte culture. Replicate samples of hepatocytes without fibroblast addition were PBS (Sigma) for 1 h. Following incubation, cells were washed in PBS, then incubated with Alexa Fluor 488-set up for comparative purposes to assess the effect of the coculture. Cultures were maintained at 37°C in 90% labeled secondary Ab to mouse IgG (Molecular Probes) for 1 h. The samples were visualized with use of a Ni-air/10% CO 2 for 14 days. The phase-contrast photographs of the FC and CP either in a pure hepatocyte kon Diaphot-TMD microscope equipped with fluorescein and rhodamine filter sets, then collected and digi-culture or a random coculture on day 7 are shown in Figure 1 . Culture medium was collected and replenished tized using MetaMorph  software (Universal Imaging Corporation, Downingtown, PA). every 24 h, and media samples were stored at −80°C for albumin and urea analysis. Phase-contrast micrographs Albumin and Urea Assay were obtained using Nikon Diaphot-TMD microscope (Nikon, Tokyo, Japan).
Control and cryopreserved samples were seeded with the same number of viable cells onto collagen-coated Fluorescence Staining of F-Actin and Connexin-32 p60 dishes following thawing. Samples were then cultured under standard conditions and media samples were All procedures were performed at ambient temperature. On day 7 of coculture, cells were fixed using 4% collected daily and analyzed for albumin concentration by enzyme-linked immunosorbent assay (ELISA) as paraformaldehyde (PFA) for 20 min, followed by per- previously described (14) . Rat albumin and anti-rat albu-triplicate for albumin, urea, and cytochrome P450 assays. Error values reported in the text and figures refer min antibodies were purchased from Cappel Laboratories (Aurora, OH). Urea concentration was determined to standard deviation of the mean. Statistical significance was calculated using a two-tailed Student t-test via reaction with diacetyl monoxime using a standard blood urea nitrogen assay kit (Sigma). The absorbance for paired data. The threshold for statistical significance was considered p < 0.05. was measured at 570-650 nm wavelength using a Thermomax microplate reader (Molecular Devices, Sunny-RESULTS vale, CA).
The Viability and Cell Attachment Ratio Cytochrome P450 Assay of Cryopreserved Hepatocytes Uninduced (basal) and 3-methylcholanthrene (3-MC)
The viability of fresh control hepatocytes (FC) after (Sigma)-induced cytochrome P450 (CYP) activities were isolation was 91.4 ± 2.4%, while the viability of cryoassessed based on the time-dependent formation of represerved hepatocytes (CP) after thawing was 82.1 ± sorufin from ethoxy-resorufin due to isoenzyme P4501A1 2.3% without Percoll purification, as determined by tryactivity (EROD assay) as described elsewhere (7). 3pan blue, which was consistent with our previous report MC-induced hepatocyte cultures received 2 ml of me- (31) . This high viability was also obtained after longdium containing 2 µM of 3-MC, starting on day 5 of term storage of cryopreserved hepatocytes. The viability culture, and EROD assay was performed following 48-h of cells stored for 30 days was 83.7 ± 2.5% and that of culture (day 7). Following the induction interval, sample 90-day stored cells was 83.0 ± 1.9% (Table 1) . medium was aspirated and washed twice with 2 ml of To examine attachment efficiency and cell yield of Earl's balanced salt solution (EBSS; Sigma). Following cryopreserved hepatocytes, the percentage DNA content removal of EBSS, the EROD incubation mixture was ratio of attached to seeded cells was measured. The atadded (2 ml per dish) and the dishes were incubated at tachment efficiency of 1-day cryopreserved suspended 37°C in a 10% CO 2 incubator, incubation mixture conhepatocytes (including both viable and nonviable cells) taining ethoxyresorufin (final concentration 4 µM, Mowas 74.3 ± 2.1%, and that of 90-day stored cells was lecular Probes) and dicumarol (80 µM, Sigma) in EBSS.
78.0 ± 3.7%, while that of FC was 90.4 ± 2.6% (Table  Dicumarol was added to the incubation mixture to pre-1). The viable cell attachment efficiency was obtained vent the disappearance of resorufin fluorescence due to by dividing the overall 24-h attachment by the postthaw further metabolism. The prepared solutions were previability, assuming only viable cells attach to the dish heated to 37°C, prior to incubation with hepatocytes.
after seeding. The attachment efficiency of viable (try-Following removal of EBSS, the incubation mixture was pan blue excluded) cells was 90.5 ± 2.5% in 1-day cryoadded (2 ml per dish) and the dishes were incubated at preserved and 94.0 ± 4.4 % in 90-day cryopreserved 37°C in a 10% CO 2 incubator. At various time points hepatocytes, which were consistent with that of FC (5, 15, 25, and 35 min) following incubation, 100 µl of (98.9 ± 2.9%) (Table 1) . the mixture was transferred into a 96-well plate. The fluorescence of the sample was measured using an f max Functional Expression of Structural Proteins in Cocultured Cryopreserved Hepatocytes fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, ext. 530 nm and emis. 590 nm) at the Fluorescent localization techniques were also used to end of 35 min of incubation. A standard curve of resoruexamine the cell polarity of cryopreserved hepatocytes fin fluorescence was constructed using concentrations ranging from 1 to 1000 nmol in EBSS for each assay. The standard curve was used to convert the fluorescence in the coculture system. The localization of actin fila-production and urea synthesis are shown in Figure 3 . Both albumin production and urea synthesis stabilized ments (F-actin) and connexin-32 was determined in both FC and CP in the coculture system. F-actin was local-following 7 days in culture in both FC and CP hepatocytes cocultured with fibroblasts, while pure hepatocyte ized at lateral intercellular contacts and apical canalicular membrane as well as regions apposing fibroblasts in cultures lost synthetic abilities by 7 days in both FC and CP groups. The total amounts of albumin and urea both FC and CP ( Fig. 2A, B) . Connexin-32 expression, a major protein component of rat hepatocyte gap junc-produced by pure hepatocytes and coculture hepatocytes from day 7 to day 13 are shown in Figure 4 . Albumin tions, was examined by fluorescent immunohistochemistry. Connexin-32 was localized at hepatocyte-hepato-production from cocultured CP was 63.7% of cocultured FC (318.5 ± 76.4 and 499.9 ± 106.2 µg, respectively), cyte contact areas in both FC and CP, but was not detected in hepatocyte-fibroblast contact areas (Fig. 2C, which was significantly different from cocultured FC ( p = 0.02). Urea synthesis from cocultured CP was 89.0% D). These results showed that cytoskeletal organization and cellular polarity were maintained in cryopreserved of cocultured FC (1543.4 ± 570.1 and 1733.9 ± 400.0 µg, respectively), and statistical analysis revealed no signifi-hepatocytes that were cultured in the coculture system after thawing.
cant difference of urea synthesis between cocultured FC and CP ( p = 0.83). Both FC and CP hepatocytes lost Albumin and Urea Synthesis these synthetic functions in pure hepatocyte cultures of Cryopreserved Hepatocytes (Fig. 4) .
To verify these synthetic activities could be preserved Albumin and urea, produced by rat hepatocytes in the culture medium, were measured as markers of hepato-during extended low-temperature storage, we compared the functions of cryopreserved hepatocytes from identi-specific function. Samples of culture media were collected every 24 h for 14 days and analyzed for albumin cal rats during various length of storage (1, 30, and 90 days). Analysis of hepatocytes following long-term stor-and urea content. Time-dependent curves of albumin sized by both fresh control (FC) and cryopreserved (CP) hepatocytes in pure hepatocyte culture and cocultured with fibroblasts. Hepatocytes without coculture lost both synthetic functions. Albumin production from cocultured CP was signifage revealed that hepatospecific functions were equivaicantly lower than FC ( p = 0.02), while urea synthesis from lently preserved in cryopreserved hepatocytes regardless cocultured CP was comparable to cocultured FC ( p = 0.83).
of the length of freezing storage (Table 2) .
Cytochrome P450 Activity of Cryopreserved Hepatocytes significant effect by the fibroblasts (<0.1 nmol/min with 3-MC induction in pure 3T3 cultures) ( Fig. 5 ). EROD assay was performed to evaluate the activity of the cytochrome isoenzyme P4501A1 on day 7 of pure DISCUSSION hepatocyte culture and coculture. Basal levels (uninduced) of EROD activities were 0.1-0.2 nmol/min in all Demand for the cryopreservation of hepatocytes is increasing, due to the scarcity of donor livers, yet suc-samples (Fig. 5 ). Significant EROD activity was induced by 3-MC in coculture, while it remained low in pure cessful hepatocyte cryopreservation has not been well defined (19) . High yield and viability postthaw, high hepatocyte culture. The induced EROD activity by cocultured FC hepatocytes (FC h/f) was 3.24 nmol/min. synthetic and metabolic functions in long-term culture (for BAL applications), and cell stability during ex-The rate of cocultured 1-day CP hepatocytes (sCP h/f) was 2.87 nmol/min (88.6% of control) and of cocultured tended storage are necessary for the successful cryopreservation of hepatocytes. In this study, cryopreserved 90-day CP hepatocytes (lCP h/f) was 2.65 nmol/min (81.8% of control) (Fig. 5 ). Statistical analysis revealed isolated hepatocytes were cultured in a coculture configuration with fibroblasts. Our results demonstrated we no significant differences of 3-MC-induced EROD activities between cocultured FC and CP hepatocytes ( p ≥ were able to obtain high hepatocyte viability and survival after thawing of cryopreserved hepatocytes and 0.07). Analysis of the contribution of 3T3 cells on resorufin formation in the coculture system revealed no these cells maintained their morphology and hepatic Previously, we have reported that cell morphology and polarity of hepatocytes are strongly related to proper
The results were obtained from hepatocytes isolated from identical rats hepatospecific function (24) . In this report, the cytoskeland stored for the indicated times.
etal protein F-actin and the gap junction protein connexin-32 were determined to be key indicators of the functions during postpreservation long-term coculture maintenance of hepatocyte morphology and polarity. Adwith fibroblasts.
ditionally, it has been shown that hepatocytes express In previous studies, high postthaw viabilities [i.e., of F-actin and connexin-32 once hepatospecific functions 89% (20) , 77.5% (26) , and 73% (11)] were achieved stabilize under appropriate culture conditions including following postthaw Percoll purification to remove noncoculture (8). If cell membrane and proteins of hepatoviable cells, but the overall viability dropped significytes are damaged during freeze-thaw procedure, they cantly to 33% without Percoll purification (20) . Furtherare not able to maintain their cellular polarity postthaw, more, the attachment rate of these cells was reported to which results in the loss of hepatospecific functions be significantly lower than expected based upon viabil- (21) . In our study, examination of F-actin and connexinity (e.g., 17% and 39%) (11, 20) . The involvement of 32 localization revealed that hepatocyte morphology, cydelayed-onset apoptotic and necrotic cell death followtoskeletal organization, and membrane polarity were ing cryopreservation was hypothesized to be the cause maintained and hepatocytes retained a functional and of the decreased attachment (17) . In the present study, differentiated state after cryopreservation in the coculimmediate postthaw viability of CP was 82.1% (without ture configuration. Percoll purification) and the attachment efficacy after 24
Because long-term storage is necessary for hepatoh was determined to be 74.3%. These data indicate that cyte banking, we stored cryopreserved hepatocytes in liquid nitrogen (−196°C) for up to 90 days, and showed the storage interval had no influence on hepatocyte viability, yield and survival, and long-term function. Taking into account that there is insufficient thermal energy for chemical reactions at −196°C to accumulate cellular damage (21) , the storage in liquid nitrogen after our freezing protocol is likely to be suitable for many years. A recent review of the literature revealed few investigations into the long-term function of cryopreserved hepatocytes, yet there was periodic reference to proper function being crucial for the utilization of hepatocytes. In this study, we utilized a hepatocyte/fibroblast coculture configuration in attempts to improve cellular function postthaw. To assess the effects of this coculture system, we compared pure hepatocyte cultures to that of the hepatocyte/fibroblast cocultures. Hepatocytes cultured without fibroblasts were not able to retain their functions despite high postthaw viability, but both FC tocyte function plateaued following 7 days of culture, which was comparable to previous reports on frozen-system and were stable in storage at −196°C. This study demonstrated that our method of cryopreservation may thawed hepatocytes cultured in collagen-sandwich configuration (31) . Statistical analysis revealed no signifi-be beneficial for hepatocyte banking as well as the utilization of cryopreserved hepatocytes in BAL devices. cant difference in urea and cytochrome P450 activity, indicating meaning full retention of these specific hepa- our results show a marked improvement in stable, albeit lower, albumin production in comparison with previous REFERENCES reports. Considering that glycolysis and the Krebs cycle, the main ATP producing pathways, have been pre-1. Allen, J. W.; Bhatia, S. N. Improving the next generation of bioartificial liver devices. Semin. Cell Dev. Biol. 13:
viously reported to be more impaired than urea synthesis 447-454; 2002. in cryopreserved hepatocytes (12) shown to maintain liver-specific functions in a coculture
